Pseudomonas sp. isolate UV3, when added to conidial suspensions of Colletotrichum acutatum, stimulated germination and appressorium formation on glass slides and on host surfaces. A siderophore (SA), purified from low-iron culture of the bacteria, stimulated germination and appressorium formation to a significantly greater extent than the bacterial cells alone. The fully chelated siderophore (S,Fe) and free ferric iron were inhibitory in vitro to germination and appressorium formation but inhibited only the latter in vivo. The SA is compared with nutrients at similar concentrations, and the role of the phytoplane microflora and associated siderophores is discussed in relation to fungal infection.
INTRODUCTION
The formation of an appressorium, a cushion-like structure from which the infection peg develops, is a prerequisite for infection by many plant pathogenic fungi. Species of Colletotrichum produce both light-and dark-pigmented appressoria, the latter being resistant structures with an innate dormancy. Blakeman & Parbery ( 1977) demonstrated that appressorium formation by Colletotrichum acutatum, an anthracnose pathogen of strawberry, was greatly enhanced by the presence of washed cells of Pseudomonas spp. in the inoculum drop. They attributed this phenomenon to nutrient competition, implicating in particular competition for amino acids. Blakeman & Brodie (1977) , Blakeman & Parbery (1977) and Brodie & Blakeman (1976) concluded that appressoria were formed in response to nutrient stress and drew an analogy with resting structures such as chlamydospores. Although nutrient competition from phylloplane microflora is almost certainly an important factor, other modes of action may be involved in the stimulation of fungal germination and appressorium formation, notably iron chelation.
Conidia of Colletotrichum musae do not germinate freely in water but do so readily in washings from banana fruit. This was ascribed to the presence in such washings of anthranilic acid (Swinburne, 1976) . It was later shown that anthranilic acid is readily converted to 2,3-dihydroxybenzoic acid (DHBA) and that this was the primary stimulant. The mode of action of DHBA appeared to be related to its iron-chelating properties. McCracken & Swinburne (1979) , using the same isolate of Pseudomonas sp. as Blakeman & Parbery (1977) , showed that a siderophore produced in iron-deficient medium by this isolate (UV3) was highly stimulatory to both germination and appressorium formation in C. musae. Such siderophores stimulate plant infection processes as a whole in C. musae (Brown & Swinburne, 19Sl) , Glomerella cingulata (Adikaram et al., 1982) and Botrytis cinerea (Brown & Swinburne, 1982) .
The aim of this study was to determine if bacterial siderophores could account for the previously observed stimulation of C. acutatum by Pseudomonas sp. isoIate UV3.
pseudobactin (Teintze ef u/., 1981), were adjusted to lo-" M and stored at -18 "C. Sporc gc~rtvrinofion O.S.SUJ'.V. Germination was assayed on glass slides, with 10 pl droplets containing 5 x 10' conidia suspended in test solutions, water, or the bacterial suspension. Spores in at least five fields of view were counted in 12 replicate drops per treatment after 18 h incubation at I8 "C in a humid chamber.
Stolons from healthy, mature plants of field-grown strawberry cv. Cambridge Favourite, were removed and cut into 10 cm lengths and suspended within a humid chamber. These were inoculated with 10 pl drops of conidial suspensions, one or more per piece of stolon. Germination and appressorium formation were assessed by examining thin longitudinal sections of stolons aained with cotton blue in lactophenol (BDH) under a light microscope. Experiments were repeated at least once and counts of at least386 conidia per treatment were analysed statistically.
R E S U L T S A N D D I S C U S S I O N

Germination and appressorium formation by C. acutatum conidia in vitro
The germination of C. acutatum conidia in distilled water ranged between 14% and 26",, with a mean value M -S~ germination ranged from 37 % to 93 %, with a mean value of 60 17%. Although the SA was always stimulatory, the extent of the stimulation was variable. This was not easily explained and may have been due to small differences in spore age and absolute slide cleanliness between the experiments. Certain conidial characteristics may favour the action of SA, although there was no evidence to suggest what these may be as all experiments were done under the same specified conditions. The presence of live Pseudomonas sp. isolate UV3 stimulated germination but only by half as much as by SA (Table 1 ). This differs from previous results in which bacteria marginally inhibited germination (Blakeman & Parbery, 1977) . Appressorium production was stimulated in a manner similar to that described earlier except that dark (mature) appressoria were not produced on glass in that study. This may have been partly due to the particularly clean glass surfaces used during the present investigation, since it was noted that fewer appressoria were formed on new slides than on those that had been acid-washed. The percentage of germinated conidia that produced appressoria was not significantly different between the SA and bacterial treatments, whilst in the presence of bacterial cells more of the appressoria were dark. Thus, although the percentage of total conidia that produced appressoria was lower in the bacterial treatment because of poorer germination, the percentage of conidia with dark appressoria did not differ significantly between SA and bacterial treatments. When considering the effect of a bacterial siderophore on C. ucutatum conidia in a field situation, the stimulation of appressorium formation is particularly important since it is from these structures that the fungus penetrates and infects the host plant.
M-Fe,(S0,)3 and S,Fe, the fully chelated form of SA ( Table 2 ). The failure of S,Fe to stimulate germination reinforces the view that the biological effect of S, results from its capacity to bind iron. Few appressoria of any kind were produced in the presence of free Fe3+ and even fewer in SAFe. That the relatively small number of appresoria which were produced in the presence of iron were predominantly hyaline is in accord with results obtained with C. musae (Swinburne & Brown, 1983 comparable with S,. However, this stimulation did not extend to appressorium formation. There was no significant difference in germination or appressorium formation between 5 x M-glucose and water. Blakeman & Parbery (1977) used concentrations higher than those tested here and found that nutrients inhibit appressorium formation, and that germination in water was 100% and could not be stimulated. To simulate competition from bacteria they induced nutrient deprivation by leaching conidia between polycarbonate and cellulose acetate membranes. Such conidia germinated well and produced mostly dark appressoria. However, leaching may also have reduced the conidial iron content (or moved it from its site of action) which would have given rise to the observed effects in a way similar to that described here, and similar also to conidia grown under low-iron conditions (Graham & Harper, 1983) . However, nutrients must be involved in part since leaching with a nutrient solution, which, unless contaminated by iron, would also lowcr the iron content, does not stimulate appressorium formation. Excess exogenous nutrients induce saprophytic growth with conidia producing long ramifying germ tubes and few appressoria (Van Burgh, 1950; Skoropad, 1967) . Although some micro-organisms may be able to utilize siderophores as a nutrient source, the stimulation of C. acutatum by S, cannot be wholly explained on a nutritional basis. The stimulatory effect of SA on germination and appressorium formation is much greater than that exhibited by equivalent concentrations of the nutrients tested.
Germination and appressorium formation by C. acutatum conidia in vivo
Percentage germination was significanrly higher on strawberry stolons than on glass slides. S, had a marked stimulatory effect on germination but S,Fe was not inhibitory ( Table 4 ). The stimulation of germination by cells of isolate UV3 was diminished compared with the situation in vitro, resulting from a higher control value rather than a lowered efficacy of the bacterial treatment. Free Fe3+ in the inoculum drop had no significant effect on germination in either the presence or absence of added bacteria. The absence in vivo of the inhibitory action of free iron in vitro is not readily explained, but may bc related to the complex interaction of factors on the stolon surface which may have buffered the effect of the iron.
SA increased the percentage of conidia. which formed appressoria (light plus dark), but the S,Fe was not inhibitory, although it had none of the stimulatory effects of SA alone. The lack of inhibition by S,Fe also differed from the situation in vitro and must be related to factors on the plant surface. Free Fe3+ reduced the number of appressoria formed, and Pseudornonas UV3 slightly increased it, but addition of iron to the bacteria had no effect on the stimulatory properties of the latter. S,Fe and Fe3+ markedly reduced the percentage of dark appressoria produced by germinating conidia, while S A and isolate UV3 stimulated their formation compared with the control. The proportion of appressoria that were dark was significantly lowered by S,Fe and Fe3+ and raised by the SA and isolate UV3 treatments, but there was no significant difference between the water control and the bacteria with iron. The total number of conidia which produced dark appressoria in vivo was stimulated by S 4 and inhibited by S,Fe and by free Fe3+. Pseudomonas UV3 in water and in Fe3+ increased the number of dark appressoria but significantly less than did S,\. In general, the biological effects of free Fe3+ are more thoroughly reversed by the addition of live bacteria than by SA. Blakeman & Brodie (1977) showed that appressorium formation by Colletotrichurn dematium f. sp. spiniciae on beetroot leaves was stimulated by Pseudomonas sp. isolate 14 while germination was unaffected. Although this is similar to the observed effect of Pseudomonas UV3 on C . acutatum it was attributed to nutrient competition. Pseudomonas 14 is also a siderophore-producing isolate (unpublished data) and it is probable that siderophores are involved in fungal infection processes.
A single factor operating alone is unlikely to be the sole determinant of germination and appressorium formation in uivo; rather, a number of different effects interacting at the plant surface are likely to influence the development of a fungal propagule landing on the phytoplane. A variety of factors can influence Colletotrichum spp., including temperature, light intensity, relative humidity, surface wetness, thigmotropic effects, spore age, nutrient status and host susceptibility (Emmett & Parbery, 1975) . The results reported in this study and by Swinburne (1981) add iron and siderophores to this list. The greater germination of C. acutatum in uivo than in vitro is not readily explained without further study but some of the factors outlined above may be involved in the complex interaction on the stolon surface and be absent from the germination assays on glass slides. Perhaps the most important feature of the effect of S , on C. acutatum in viuo is the stimulation of the formation of dark appressoria, the proportional occurrence of which is a critical factor in determining the success of C. musae infection of banana, a related anthracnose disease (Swinburne, 1976; Swinburne & Brown, 1983) .
The stimulation of germination and appressorium formation of C. acutatum by the bacterial siderophore S, heightens the importance of the role of phytoplane micro-organisms and their products in the complex relationship between a fungal pathogen and its host. It also indicates that the previously observed stimulation of fungal germination and appressorium formation by certain bacteria may be mediated, at least in part, by siderophores. 
